Background {#Sec1}
==========

There are a great variety of adverse health effects induced by chronic environmental noise, including annoyance, hearing loss, cognitive impairment, cardiovascular disease, and increased risk of diabetes \[[@CR1]--[@CR3]\]. A number of reports have focused on the AD-like neuropathology, especially hyperphosphorylation of tau protein in the rodent hippocampus, due to the acute or chronic noise exposure \[[@CR4], [@CR5]\]. However, the underlying mechanisms of noise exposure to AD-like tau hyperphosphorylation in the hippocampus, a key structure in cognition and the initial area of tau pathology in AD \[[@CR6]\], are still not well understood.

The corticotropin-releasing factor (CRF) signaling system plays a well-established role in triggering stress responses and acts as a general mediator/integrator of stress adaptations, whose receptors, CRF receptor 1 (CRFR1) and CRFR2, exert convergent biological effects on stress-related endpoints \[[@CR7]\]. The dysregulation of the CRF signaling system in the hippocampus causes an AD-like pathology in animals \[[@CR8]--[@CR10]\]. Supporting a role for CRF in AD neuropathology, work from many laboratories has demonstrated that both CRF overexpression and acute or repeated exposure to stressors induce phosphorylation of tau and accumulation of Aβ within the hippocampus, a process that is dependent on CRFR1 \[[@CR11], [@CR12]\]. However, only limited information is available on the control of this system in the hippocampus under chronic noise stress.

In this study, we have investigated the effects of long-term noise exposure on the CRF signaling system and explored the relationship between CRF and noise-induced AD-like changes in the rat hippocampus. Our data could implicate CRF-dependent mechanisms in the neuropathophysiology induced by environmental noise.

Methods {#Sec2}
=======

Animals and experimental groups {#Sec3}
-------------------------------

Male Wistar rats (weighing 200--220 g, Lab Animal Center, Tianjin Institute of Health and Environmental Medicine, Tianjin, China) were used in the present study. All experimental procedures were performed in accordance with the guidelines approved by the Animal and Human Use in Research Committee of the Tianjin Institute of Health and Environmental Medicine. The rats were randomly divided into the noise-exposed group and the control group (32 rats per group). At different time points (days 0, 3, 7, and 14) after the final exposure, all rats in the study were sacrificed under brief anesthesia of chloral hydrate (30--35 mg/100 g) for subsequent biochemical analyses (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Experimental timeline. The rats were randomly assigned to four groups according to when the end-point evaluation was performed (0, 3, 7, and 14 days following the final noise exposure). Each group was further subdivided into control and exposed subgroups, in which the animals were subjected to 30 successive days of noise exposure as indicated by the gray area within the 30-day period. Sham (no noise) exposure, as indicated by the blank segments in the 30-day period, was performed on the animals in the control group for 30 days

Noise exposure setup {#Sec4}
--------------------

All exposures were performed as described in our previous study \[[@CR4]\]. Briefly, noise was generated using a noise generator and amplified with a power amplifier and delivered through a loudspeaker. Rats in the noise-exposed group were exposed to 95 dB SPL white noise for 30 consecutive days (4 h per day, from 8:00 to 12:00). Simultaneously, the control animals were housed in similar cages but only exposed to environmental background noise which was below 40 dB SPL.

Determination of gene expression by real-time PCR {#Sec5}
-------------------------------------------------

The hippocampi from noise-exposed and control rats were removed after the animals were sacrificed under chloral hydrate anesthesia at the time points indicated in the section "[Animals and experimental groups](#Sec3){ref-type="sec"}" and homogenized by using oscillating mashers. RT-PCR was conducted as previously described by our laboratory \[[@CR13]\]. Briefly, total RNA from tissues was extracted and reverse transcribed to cDNA successively. The primers and probes were designed for specific amplification of GAPDH (internal control gene), CRF, CRFR1, and CRFR2 sequences as shown in Table [1](#Tab1){ref-type="table"}. The levels of *CRF* and *CRFR1/2* gene expression were examined by quantitative RT-PCR performed under the following cycling conditions: 2 min at 50 °C, 10 min at 95 °C, and then 45 cycles of 95 °C for 5 s followed by 57 °C for 30 s. Target gene levels of *CRF* and *CRFR1/2* were assessed after normalizing cycle thresholds (*C* = Ct~*CRF/CRFR1/CRFR2*~ − Ct~*GAPDH*~, and ΔΔCt = ΔCt~exposure~ − ΔCt~control~) relative to those of control group.Table 1Primers used for real-time RT-PCR of rat genesGenePrimersCRFF: 5′-CGCCCATCTCTCTGGATCT-3′R: 5′-TCTCCATCAGTTTCCTGTTGC-3′CRFR1F: 5′-GAACCTCATCTCGGCTTTCA-3′R: 5′-GGCTGTCACCAACCTACACC-3′CRFR2F: 5′-TCATCCTCGTGCTCCTCATC-3′R: 5′-GCCTTCACTGCCTTCCTGTA-3′GAPDHF: 5′-CAGGGCTGCCTTCTCTTGTG-3′F: 5′-GATGGTGATGGGTTTCCCGT-3′*CRF*, corticotropin-releasing factor; *CRFR1*, corticotropin-releasing factor receptor 1; *CRFR2*, corticotropin-releasing factor receptor 2; *GAPDH*, glyceraldehyde-3-phosphate dehydrogenase

Western blotting {#Sec6}
----------------

The hippocampus preparation and Western blotting was conducted as described previously by our previous work \[[@CR13]\]. Briefly, the tissue was dissected and homogenized in ice-cold radioimmunoprecipitation assay buffer. Homogenates were spun at 14,000×*g* for 15 min at 4 °C, and the supernatants were collected. Later, 20 μg/lane of sample was run on 10% sodium dodecyl sulfate polyacrylamide gels and transferred to microporous polyvinylidene fluoride membranes (0.45 μm, F. Hoffmann-La Roche Ltd., Germany). Immunoblots were probed with the specific antibodies as shown in the section "[Primary antibodies](#Sec8){ref-type="sec"}," and then incubated with peroxidase-conjugated species-specific anti-IgG secondary antibodies. After visualizing by enhanced chemiluminescence (EMD Millipore Co., USA), the intensity values of the immunoreactive signals were quantified by using Gel-Pro 3.1 software (Media Cybernetics Inc., USA).

Double-labeling immunofluorescence microscopy {#Sec7}
---------------------------------------------

After perfusion by using 4% paraformaldehyde through the heart, the brain tissues were post-fixed in 4% paraformaldehyde, immersion fixed for 72 h, paraffin embedded, and then sectioned at 6 μm. After washing in TBS, sections were incubated for 30 min in 0.5% Triton X-100 to permeabilize the tissue. Sections were blocked with 10% goat serum in TBS for 2 h at 37 °C to reduce nonspecific binding and then were incubated for 1 h at 37 °C with anti-CRF and anti-p-tau (T205) antibodies diluted in TBST with 10% goat serum before incubating overnight at 4 °C. The following day, the sections were washed and incubated with FITC-labeled anti-goat antibody (1:200, ZSGB-BIO) and rhodamine-conjugated anti-rabbit antibody (1200, ZSGB-BIO), diluted in TBS with 10% goat serum, for 1 h at 37 °C. After washing, the sections were coverslipped with Antifade Mounting Medium and examined using a fluorescence microscope (Olympus DP71, Japan).

Primary antibodies {#Sec8}
------------------

Affinity-purified rabbit anti-CRF (polyclonal, 1:1000; Bioworld Technology, USA), anti-CRFR1 (polyclonal, 1:1500; Bioworld Technology, USA), anti-CRFR2 (polyclonal, 1:1500; Bioworld Technology), anti-TauC specific to C-terminal epitope of tau independent of its phosphorylation (polyclonal, 1:500, Santa Cruz Biotechnology, USA), anti-p-tau specific to p-T205 (polyclonal, 1:500, Bioworld Technology), anti-p-tau specific to p-S396 (polyclonal, 1:500, Santa Cruz Biotechnology, USA), and anti-GAPDH (1:10,000; Bioworld Technology) antibodies were used to detect hippocampal protein levels by Western blotting. Goat anti-CRF (polyclonal, 1:500; Santa Cruz Biotechnology, USA) and rabbit anti-p-tau (T205) (polyclonal, 1:400; Bioworld Technology) were used to label CRF and p-tau in the double-labeling immunofluorescence assays.

Statistics {#Sec9}
----------

The data presented in the figures show group means ± SD unless otherwise noted. All data were processed by Student's *t* tests using SPSS 19.0 software (SPSS, Inc., USA). Statistical significance levels were set at *p* \< 0.05 for all tests.

Results {#Sec10}
=======

Chronic noise exposure causes abnormalities of the CRF system in the hippocampus {#Sec11}
--------------------------------------------------------------------------------

To assess the influence of chronic noise exposure on the CRF system, we examined the expression levels of CRF, CRFR1, and CRFR2 by using RT-PCR and Western blotting, respectively. Results showed that the expression levels of CRF and CRFR1 mRNA and protein in hippocampus were significantly increased after exposure to noise for 30 days, with an increasing trend that persisted for up to 7 days after the final noise exposure (Fig. [2](#Fig2){ref-type="fig"}a--f). Meanwhile, a delayed increase of CRFR2 in mRNA and protein levels was also observed at days 3 and 7 after noise exposure (Fig. [2](#Fig2){ref-type="fig"}g--i).Fig. 2Chronic noise exposure increases the expression of CRF, CRFR1, and CRFR2 in the hippocampus. Comparison of *CRF*, *CRFR1*, and *CRFR2* mRNA expression levels in control and noise-exposed rats by quantitative real-time PCR at various time points following the cessation of noise exposure (**a**, **d**, **g**). Western blot analysis of hippocampal CRF, CRFR1, and CRFR2 expression under C (control) and N (chronic noise exposure) conditions (**b**, **e**, **h**). GAPDH was used as a loading control. Quantification of immunoreactive band density measured in panels **b**, **e**, and **h** was normalized against GAPDH (**c**, **f**, **i**). Data are presented as the percentage changes relative to control samples. Bars represent means ± SD \**p* \< 0.05, compared with respective controls (*n* = 6 per group)

Chronic noise exposure causes tau hyperphosphorylation in the hippocampus {#Sec12}
-------------------------------------------------------------------------

The levels of total tau and p-tau in the hippocampus were evaluated with three antibodies, which are specific to C-terminal epitope of tau independent of its phosphorylation and different phosphorylation-dependent epitopes of tau at Thr 205 and Ser396, respectively, by Western blotting of the hippocampal extracts in at various times after the end of the noise exposure. Immunoblot analysis showed that 30-day noise exposure results in constant tau hyperphosphorylation at p-T205 and p-S396 at days 0, 3, and 7 after exposure in hippocampus, while no difference was found in total tau protein level between the noise-exposed groups and their respective control groups up to 14 days after noise exposure (Fig. [3](#Fig3){ref-type="fig"}a--d).Fig. 3Chronic noise exposure increases hyperphosphorylated tau in the hippocampus. Western blot analysis of hippocampal phosphorylated tau under control (C) and chronic noise exposure (N) conditions. Immunoblot panels were probed with anti-tau or phosphorylation-dependent anti-tau antibodies as indicated (**a**). The density of the immunoreactive bands was quantified and is presented as the percentage change relative to the control samples (**b**, **c**, and **d**). GAPDH was used as the loading control. Bars represent mean ± SD (*n* = 6 for each condition). \**p* \< 0.05, compared with respective controls (*n* = 6 per group)

Chronic noise exposure causes co-localization of CRF and p-tau in the hippocampus {#Sec13}
---------------------------------------------------------------------------------

To evaluate the association between CRF and p-tau, double labeling of CRF and p-tau was performed on sections of the rat hippocampus. A high proportion of CRF-positive cells co-localized with p-tau in the DG and CA3 regions of the hippocampus. CRF immunoreactivity within cell bodies showed green cytoplasmic staining, and positive p-tau staining was also observed in the cytoplasm while yellow is the double staining of CRF and p-tau (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Co-localization of CRF and p-tau (T205) in the rat hippocampus. CRF fluorescence (green), p-tau fluorescence (red), and merged images of CRF and p-tau (yellow) in the hippocampus. Representative images of the rat hippocampal DG region and CA3 region immediately after cessation of noise exposure. Scale bar = 20 μm

Discussion {#Sec14}
==========

In this study, we evaluated the aftereffects of chronic noise stress on the expression of the CRF system in the hippocampus and explored its relationship to tau hyperphosphorylation. The results presented here provide novel insight into the mechanism underlying this link, which involves noise-induced dysfunction in tau phosphorylation.

Elevated glucocorticoid levels induced by chronic stress are associated with cognitive impairment and AD-like neurodegeneration \[[@CR14], [@CR15]\]. A wide variety of studies demonstrates that AD-like hyperphosphorylation of tau protein can be triggered by various environmental insults, such as physical hazards \[[@CR4], [@CR16]--[@CR18]\] and psychological stressors \[[@CR9], [@CR19]\], and that this may be mediated by CRFR1 \[[@CR20]\]. Previous studies showed that following chronic stress, tau phosphorylation and Aβ accumulation levels in the hippocampus are significantly elevated, and CRF may play a key regulatory role in these changes \[[@CR10], [@CR12]\]. Furthermore, the literature suggests that CRF acts via CRFR1 to play a leading role in mediating AD-like changes in selected brain regions although the role of CRFR2 in AD-like changes remains unclear \[[@CR10]\]. Our results indicated that chronic noise exposure induces elevated expression of CRF and CRFR1 mRNA and protein in the rat hippocampus; further, we show a delayed increase in CRFR2 mRNA and protein expression continued for at least 7--14 days even after 30 days of noise exposure was terminated, which suggests a cumulative impact of the CRF system on the risk of chronic noise exposure.

The distribution of CRFR2 in the central nervous system is not as widespread as that of CRFR1, and the two receptors seem to perform different functions under physiological conditions \[[@CR21], [@CR22]\]. Of relevance to the current study, neurodegenerative diseases often trigger neuroinflammatory changes \[[@CR23]\]. CRFR1 has a key role in the regulation of the pro-inflammatory response during neural inflammation in the brain \[[@CR24], [@CR25]\], whereas CRFR2 has anti-inflammatory and anti-cytotoxic actions \[[@CR26]\]. We have previously demonstrated that long-term noise exposure can lead to inflammatory changes in the hippocampus \[[@CR5]\]. The persistent upregulation of CRFR1 implies that CRFR1 may be involved in noise-induced neuroinflammation in the hippocampus. In addition, the receptor subtypes of CRFR1 and CRFR2 have opposing effects, and the opposing regulation of biological responses by multiple CRF receptors may serve to facilitate different coping strategies in response to stress \[[@CR27]\]. Therefore, further studies focusing on the availability and functionality of these receptors are required to reveal the mechanisms responsible for the observed AD-like and inflammatory alterations.

We established that chronic noise exposure induces p-tau accumulation in our previous studies \[[@CR4], [@CR28]\]. The present study demonstrates that persistent phosphorylation of tau at Ser396 and Thr205 occurs in the hippocampus of rats after chronic noise exposure, which is consistent with similar exposure paradigms in our previous studies \[[@CR4], [@CR28]\]. Furthermore, our results show sustained abnormal alterations of CRF and CRFR1 gene and protein expression after long-term noise exposure and co-localization of CRF and p-tau within hippocampal neurons. These data support the existence of interactions between the CRF signaling system and tau phosphorylation. In accordance with the regulatory role of the CRF system on tau phosphorylation during stress \[[@CR8]--[@CR10], [@CR12]\], together with the relationship between CRF signaling and p-tau, we infer that the CRF signaling system is likely to be involved in the process of tau phosphorylation that is induced by chronic noise exposure in the hippocampus.

The major limitation of this study is the absence of exploration of correlation between CRF signaling, tau kinases and phosphatases, and hearing loss in mediating noise-induced tau hyperphosphorylation. The dynamic changes in tau phosphorylation after stress are likely the result of a complex regulatory network of protein kinases and phosphatases \[[@CR29], [@CR30]\]. Our previous study showed that glycogen synthase kinase (GSK)-3β and protein phosphatase (PP) 2A might play a causal role in the induction and persistence of tau hyperphosphorylation \[[@CR4]\]. Accordingly, there are indications that CRF and GSK-3 mechanisms may be involved in stress-induced tau phosphorylation \[[@CR31]\]. According to these findings, aberrant regulation of CRF signaling and tau kinases and phosphatases may lead to prominent changes in tau phosphorylation in the hippocampus after noise exposure. On the other hand, observational study suggests that aging-related hearing loss is associated with accelerated cognitive decline and incident dementia \[[@CR32]\]. We have evaluated the noise-induced hearing loss during our previous study, which showed that the threshold of Click-ABR (auditory brainstem response) of rats exposed to 95 dB SPL white noise for 30 consecutive days elevated by about 13.2 dB compared to control (control: 35.67 ± 3.01 dB SPL vs*.* noise-exposed: 48.90 ± 4.53 dB SPL) (data not published). It remains to be determined whether and how noise-induced hearing loss contributes to AD-like tau phosphorylation.

Conclusion {#Sec15}
==========

In summary, our results show that long-term noise exposure causes significant and persistent abnormalities in the CRF signaling system and the hyperphosphorylation of tau in the hippocampus, which is particularly vulnerable to neurodegenerative processes. Furthermore, the co-localization of CRF and p-tau within the neurons indicates that the CRF system is likely to be involved in the process of AD-like changes that occur during noise exposure. However, we acknowledge that the findings in our current and previous studies of noise-induced CRF and p-tau increases do not show a causal link to the p-tau-related pathology in AD. Further detailed studies are required to clarify the molecular mechanisms underlying the regulation of the CRF signaling system in noise-induced AD-like neuropathological changes.
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